Introduction
The accumulation of reactive oxygen species in the lens, such as superoxide and hydrogen peroxide (H 2 O 2 ), is an important cause of age-related cataract (Obara, 1995; Lin, 1996; Truscott, 2005) and several studies have reported that intake of antioxidant nutrients can reduce the risk of cataract formation (Taylor et al., 2002; Yoshida et al., 2007; Tan et al., 2008) . We previously investigated changes in the lenticular anterior capsule, which includes the lens epithelial cells (LECs), after intake of a lutein-containing antioxidant supplement (Hayashi et al., 2012) . The results indicated an increase in mRNA expression of antioxidative enzymes. We also measured the oxidative status of the aqueous humor after the same antioxidant supplementation and found increases in the scavenging activity of superoxide in both genders, along with an increase in the concentration of H 2 O 2 in the aqueous humor among females (Hayashi et al., 2014) . As LECs are the primary targets of oxidation in the aqueous humor (Spector, 1995) , it is important to determine whether the increased H 2 O 2 influxes into the LECs and how it changes the oxidative status of the lens after this antioxidant supplementation.
Aquaporin 8 (AQP8) has been reported to facilitate the diffusion of H 2 O 2 across cell membranes (Bienert et al., 2007) and we have described AQP8 localization to the cytoplasm and cell membrane of human LECs (Hayashi et al., 2017) . This suggested that AQP8 in LECs may function as a channel that regulates the influx of H 2 O 2 from the aqueous humor. Alternatively, determining changes in H 2 O 2 -scavenging enzymes in the lens, such as glutathione peroxidase (Gpx), could be the key to determining how antioxidant supplementation potentially inhibits cataract formation. Furthermore, a correlation between AQP8 and H 2 O 2 -scavenging enzymes in the LECs may reveal how oxidative stress in the aqueous humor affects the lens after antioxidant supplementation.
In this study, changes in mRNA expression of AQP8 and Gpx in the lenticular anterior capsule, including the LECs, were measured after intake of a lutein-containing antioxidant supplement. The correlation between mRNA expression of AQP8 and Gpx was also investigated. This is the first study to investigate the changes and the correlation between the expression of AQP8 and Gpx in human cataractous lenses.
Materials and methods

Participants and recruitment
Twenty-four patients who had undergone bilateral cataract surgery at the Lively Eye Clinic, including 13 males (age range 54-76 years) and 11 females (age range: 50-81 years), were included in this study. Informed consent was obtained from all patients and the study adhered to the tenets of the Declaration of Helsinki. Approval from the institutional human experimentation committee was also granted (Approval number: 22025).
All patients had the same grade and type of lens opacity in both eyes according to the Lens Opacities Classification System III (Chylack et al., 1993) . Patients with ocular complications, such as uveitis and retinopathy, were excluded. Patients with systemic disease, such as diabetes, were also excluded from this study.
Treatment protocol
Lens samples taken prior to the antioxidant supplementation (preintake) consisted of central pieces of the anterior capsule measuring 5.5 mm in diameter and were collected from one eye of each patient via continuous curvilinear capsulorhexis during cataract surgery. Three tablets (the recommended daily dosage) of Ocuvite + Lutein Ⓡ (Bausch + Lomb, Rochester, NY, USA), the lutein-containing antioxidant supplement, were administered orally every day starting the first day post-surgery. The composition of this supplement is described in our previous publication (Hayashi et al., 2012) . Six weeks after surgery, post-intake samples of the anterior capsule were collected during cataract surgery on the opposite eye by the same method used for the pre-intake samples. Both the pre-and post-intake samples were frozen immediately after collection and stored at −80°C.
Real-time PCR
The anterior capsule pieces were homogenized and proteolyzed using MagNa Lyser Green Beads (Roche, Basel, Switzerland). The RNA was purified with the MagNa Pure Compact RNA Isolation Kit (Roche) and the cDNA was prepared using a Transcriptor High Fidelity cDNA Synthesis Kit (Roche). Real-time polymerase chain reaction (RT-PCT) was then undertaken in a Light Cycler Ⓡ LC480 (Roche) to determine the relative expression of AQP8 and Gpx, with β-actin used as a housekeeping control. The primer sequences are described in Table 1 . The relative expression of each mRNA was calculated based on a Cp value, which is defined as the threshold cycle at which the amplified product was detected. A standard curve was prepared from a control RNA sample which was used as a calibrator. The mRNA expression of AQP8 and Gpx was normalized to the β-actin mRNA.
The expression rate of AQP8 was defined as the proportion of samples in which AQP8 mRNA was detected. The expression levels of AQP8 and Gpx, along with any correlation between the two genes, was also investigated. The differences between the pre-and post-intake samples were analyzed using the Wilcoxon signed rank-sum test, while gender differences were analyzed using a Mann-Whitney U test. Correlation between AQP8 and Gpx was analyzed using Spearman's rank correlation coefficient. Statistical significance was accepted as P < .05.
Results
There was no significant difference in age between the genders (mean ± SD): male (65.7 ± 8.7 years); female (70.3 ± 8.6 years).
The expression rate of AQP8 decreased significantly after supplementation among males (P = .02), while there were no significant changes among females (Fig. 1) . The expression rate of AQP8 was significantly higher in males before supplementation (P < .0001), while there were no gender differences after supplementation. The expression level of AQP8 was significantly lower in the post-intake samples than in the pre-intake samples among males (P = .002) (Fig. 2) . However, there were no statistically significant changes among females after supplementation. Expression of AQP8 was significantly lower in males in the pre-intake samples (P = .03), while no differences between the genders were found in the post-intake samples. There was no significant correlation between the expression level of AQP8 in the pre-and postintake samples among either gender (Fig. 3) .
The expression level of Gpx did not change after supplementation (Fig. 4 ). There were no differences between the genders in the pre-or post-intake samples. There was no significant correlation between the expression level of Gpx in the pre-and post-intake samples among either gender (Fig. 5 Hayashi et al. Experimental Eye Research 168 (2018) 28-32 Expression of AQP8 was positively correlated to expression of Gpx in the post-intake samples among females only (R = 0.69, P = .02) (Fig. 6 ). There was no significant correlation between expression of AQP8 and Gpx among males in either the pre-intake or post-intake samples.
Discussion
According to our results, there may be gender-based differences in the way that lutein-containing antioxidant supplementation affects the LECs. After intake of the antioxidant, expression of AQP8 decreased among males, whereas expression of Gpx increased proportionally with AQP8 among females.
Aquaporins (AQPs) are known to participate in selective transportation of several materials, such as water and ions. They are expressed in most tissues and participate in elementary physiological functions, such as water maintenance, membrane diffusion and maintenance of fiber structure (Agre et al., 1998) . It has been reported that expression of AQPs changes during hypoxia and reoxygenation (Yamamoto et al., 2001) .
Expression of both AQP0 and AQP1 has been reported in the lens. AQP0 mRNA expression was reported in the nuclear fibers and the posterior pole of a normal lens (Verkman et al., 2008) . It is known to form junctions between fiber cells, which play a role in maintaining the transparency and elasticity of the lens (Gonen et al., 2005) . Truncation of the C-terminal end of human AQP0, which is seen in an aging lens (Takemoto et al., 1986) , was reported to cause lens opacity (Ma et al., 2005) . Mutation or deficiency of AQP0 was also reported in congenital cataract (Berry et al., 2000) . AQP1 mRNA expression has been reported in LECs, where it functions as a water channel (Hamann et al., 1998) . The lagging response to osmotic change, which induces opacity of the lens, has been associated with a deficiency in AQP1 (Ruiz-Ederra and Verkman, 2006) . AQP5 is also found in the lens and is abundant in the outer cortex but decreases in the lens nucleus (Grey et al., 2013) . During hyperglycemic stress it is considered to play a critical role in Fig. 1 . The expression rate of AQP8 decreased significantly after supplementation among male patients (*P = .02, chi-square test), while there were no significant changes among female patients. The expression rate of AQP8 was significantly higher in male patients than in female patients before supplementation (*P < .0001, chi-square test). Fig. 2 . The expression level of AQP8 was significantly lower in the post-intake samples than in the pre-intake samples among males (**P = .002, Wilcoxon signed rank-sum test). However, there were no statistically significant changes among females after supplementation. There was a statistical difference between genders in pre-intake samples (*P = .03, Mann-Whitney U test), while no differences were evident in post-intake samples. Fig. 3 . There was no significant correlation between the expression level of AQP8 in the pre-and post-intake samples among either gender. Fig. 4 . The expression level of Gpx did not change after supplementation. There were no differences between genders in pre-or post-intake samples. regulating homeostasis, thus maintaining lens transparency (Sindhu Kumari and Varadarai, 2013) .
In our previous study, we isolated a layer of LECs and their basement membrane from cataractous lenses and observed localization of AQP8 within and surrounding the cytoplasm of the LECs (Hayashi et al., 2017) . In a study on yeast cells cultured in medium containing various concentrations of H 2 O 2 , cells expressing AQP8 had markedly reduced growth and survival (Bienert et al., 2007) . AQP8 was also reported to increase the sensitivity to H 2 O 2 and suggested to have a function in H 2 O 2 transport (Bienert et al., 2006) . In addition, studies have demonstrated that AQP8 can facilitate H 2 O 2 movement across the plasma membrane of several cell lines (Berttolotti et al., 2013; Viecell Dalla sega et al., 2014) , which suggests that it may also play a role in permeating H 2 O 2 across the plasma membrane of LECs. In this study, our findings in males of a decrease in AQP8 mRNA expression after supplementation suggests that this may be a mechanism for suppressing the influx of H 2 O 2 into the lens.
In contrast, there were no changes in AQP8 expression after the supplementation among females, suggesting that different mechanisms may exist to cope with the increased H 2 O 2 in the aqueous humor. AQP8 is known to be expressed in the inner mitochondrial membrane (Calamita et al., 2005) . This suggests that AQP8 may participate in mitochondrial H 2 O 2 metabolism and a functional defect may lead to mitochondrial dysfunction. AQP8 has also been reported to be an efficient transporter of H 2 O 2 through the endoplasmic reticulum membrane (Berttolotti et al., 2013) . Knock-down of AQP8 not only inhibits entry of H 2 O 2 into the endoplasmic reticulum but also reduces the activity of downstream tyrosine phosphorylation of target proteins (Berttolotti et al., 2013) . H 2 O 2 causes cell damage at high concentrations but is also essential in modulating signaling pathways (Geiszt and Leto, 2004) . H 2 O 2 produced by NADPH-oxidases reaches its cytosolic targets through APQ8 (Berttolotti et al., 2013) and the permeability of AQP8 to H 2 O 2 was reported to be regulated during stress (MedranoFernandez et al., 2016) .
The results of a survey on fungi suggested that AQP8 may regulate the distribution of mitochondria in the hyphae and influence the virulence to plants . Further, deletion of AQP8 significantly reduced expression of NADPH-oxidase, suggesting a regulatory linkage among AQP8, NADPH-oxidase and H 2 O 2 . A study has also demonstrated that when yeast cells are pre-cultured in a non-lethal H 2 O 2 -containing medium, there is a decrease in permeability and an increase in H 2 O 2 uptake at the cell membrane, followed by an increase in antioxidant enzymes (Bronco et al., 2004) . Intracellular H 2 O 2 has also been reported to activate expression of Gpx (Avisian-Kretchmer et al., 2004) . Although Gpx expression did not change in the female post-intake samples in our study, it was significantly correlated to AQP8 expression. H 2 O 2 has been reported to up-regulate Gpx and down-regulate AQP8 for defending against oxidative stress (Te Velde et al., 2008) . This suggests that after supplementation in females, the level of AQP8 does not decrease and may not inhibit the influx of H 2 O 2 as it does in males. However, the H 2 O 2 influx into the lens may be scavenged proportionally as the level of Gpx correlated to that of AQP8 after antioxidant supplementation.
The mechanisms which cause the gender differences observed with the lutein-containing antioxidant supplement are not clear, although sex hormones may play a role. Estrogens are known to have antioxidant effects (Mooradian, 1993; Gomez-Zubeldia et al., 2001) , including direct scavenging of free radicals (Ruiz-Larrea et al., 2000) and upregulation of antioxidative enzymes (Borras et al., 2005) . Dramatic decreases in estrogen levels may increase peroxidation and cause postmenopausal females to have a greater prevalence and progression of cataracts than males (McCarty et al., 1999; Klein et al., 1998) . Results from our previous investigations confirmed the gender differences observed in the present study (Hayashi et al., 2012 (Hayashi et al., , 2014 .
The limitation of this study is that only the central part of the anterior capsule from the cataract lenses were included and the LECs in the germinal center of the equator could not be investigated. However, the central LECs that are in contact with the aqueous humor may be the most susceptible to changes in the aqueous humor and this would make this region of the lens more suitable for investigating the effects of antioxidant supplementation.
Conclusion
According to the results of this study, AQP8 reacts differently between genders following antioxidant supplementation. Among males, AQP8 expression decreased significantly after supplementation. The decrease in AQP8 expression may play a role in inhibiting the influx of H 2 O 2 and preventing oxidation in the lens. Among females, AQP8 expression did not change but was positively correlated to Gpx expression after supplementation. This suggests that in females, the H 2 O 2 influx through AQP8 from the aqueous humor may be scavenged by Gpx after supplementation. Fig. 6 . Expression of AQP8 was positively correlated to expression of Gpx in the post-intake samples among females (R = 0.69, P = .02, Spearman's rank correlation coefficient). There was no significant correlation between the expression levels of AQP8 and Gpx among males in either the pre-intake or post-intake samples.
